Abstract. Polyploidization is a prevalent mode of genome diversification within plants. Most gene duplicates arising from polyploidization (paralogs) are typically lost, although a subset may be maintained under selection due to dosage, partitioning of gene function, or acquisition of novel functions. Because they experience selection in the presence of other duplicate loci across the genome, interactions among genes may also play a significant role in the maintenance of paralogs resulting from polyploidization. Previously, we identified duplicates of the genes LFY/FLO and AP3/DEF that directly interact in a floral regulatory pathway and are thought to be the result of ancient polyploidization in the Lamiales (> 50 mya). Although duplicates of MADS box genes including AP3/DEF are common throughout the angiosperm lineage, LFY/FLO duplicates in Lamiales are the first reported outside of tetraploid taxa. In order to explore hypotheses for the joint preservation of these interacting floral regulatory genes including novel LFY/FLO paralogs, here we clone FLO and DEF duplicates from additional Lamiales taxa and apply codon substitution models to test how selection acts on both genes following duplication. We find acceleration in the ratio of nonsynonymous-to-synonymous nucleotide substitutions for one (FLO) or both (DEF) paralogs that appears to be due to relaxed purifying selection as opposed to positive selection and shows a different pattern among functional domains of these genes. Several mechanisms are discussed that might be responsible for preservation of co-orthologs of FLO and DEF in Lamiales, including interactions among the genes of this regulatory pathway.
Introduction
Polyploidization occurs frequently in flowering plants. Estimates of the frequency of polyploidization based on cytological studies vary widely but suggest up to 70% of angiosperms may be polyploids (Wendel 2000; Otto and Whitton 2000) . Analysis of cDNA and genomic sequences similarly shows that both recent and ancient polyploidization among crop and model plant taxa are common (Blanc and Wolfe 2004a) . The relative importance of polyploidization to the evolution and diversification of flowering plants (angiosperms) has been extensively debated (e.g., Stebbins 1971; Levin 1983) and is reviewed elsewhere (Otto and Whitton 2000) . It is clear, however, that polyploidization contributes significantly to the long-term genomic content of angiosperm taxa. For example, more than half of all genes from Arabidopsis thaliana are thought to be the result of ancient polyploidization (Maere et al. 2005) , with approximately 20% of predicted genes resulting from a whole-genome duplication event that occurred 24-40 million years ago (mya; Blanc et al. 2003; Blanc and Wolfe 2004b) .
Because the contribution of polyploidization to plant evolution is ultimately a function of the duplicate genes that are maintained within genomes, it is important to understand both the patterns and mechanisms of duplicate gene preservation. The majority of duplicates (paralogs) arising from polyploidization in plants are silenced. In the case of A. thaliana, nearly 70% of paralog pairs from the last polyploid event have lost one member (Blanc et al. 2003) . Although there is some suggestion that paralogs resulting from polyploidization may persist longer (Otto and Whitton 2000; Moore and Purugganan 2003; Lynch and Conery 2001) , this is generally consistent with patterns for smaller-scale duplication events (e.g., tandem or segmental duplications) which suggest that silencing due to loss of function mutations predominates (Walsh 1995) , resulting in a half-life for fully redundant paralogs which is generally less than 10 million years (Lynch and Conery 2000) . However, the probability that one member of a paralog pair is lost appears to differ markedly among functional classes of genes depending on the mechanism of gene duplication. For example, in A. thaliana paralogs of regulatory genes involved in transcription and signal transduction are retained at a higher rate if duplicates are the result of polyploidization rather than smaller-scale gene duplication events (Maere et al. 2005) .
Paralogs that escape the typical fate of silencing and are maintained within genomes under selection may be preserved via a number of mechanisms. Theory suggests that preservation of paralogs is primarily due to parsing of the ancestral singlecopy geneÕs functions among duplicates (subfunctionalization) rather than the acquisition of novel gene function driven by positive selection, based in large part on the predominance of degenerate rather than adaptive mutations (e.g., Force et al. 1999) . Subfunctionalization can result from complementary degenerate mutations restricted to regulatory regions as in the model of Force et al. (1999) or involve functional domains within protein coding regions, resulting in an altered pattern of amino acid substitution between duplicates (Dermitzakis and Clark 2001). Because paralogs arising from polyploidization experience selection along with other duplicate loci across the genome, interactions among loci may also contribute significantly to their maintenance. Such interactions could result from simple dosage effects, which should predominate among genes functioning within metabolic pathways and regulatory genes involved in signal transduction and transcription (Birchler et al. 2001) . Alternately, divergence in the timing or expression domains among pairs of paralogs could have broad impact on duplicate gene preservation across the polyploid genome through concerted divergence of the interacting members of genetic pathways and gene networks (Blanc and Wolfe 2004b) , essentially a multilocus extension of subfunctionalization models.
Previously, we identified duplicates of several regulatory genes important in floral development within the order of tricolpate plants Lamiales . These include co-orthologs of the floral meristem identity gene FLO (Coen et al. 1990) and floral homeotic MADS box gene DEF (Sommer et al. 1990 ) from the model Lamiales species Antirrhinum majus. Orthologs of FLO and DEF from A. thaliana (LFY and AP3, respectively [Weigel et al. 1992; Jack et al. 1992] ) carry out similar functions in the floral regulatory pathway as in A. majus, where LFY/FLO positively regulates the expression of the downstream gene AP3/DEF (Ingram et al. 1997; Weigel and Meyerowitz 1993) . Duplication of the A. majus genes FLO and DEF in Lamiales is thought to be the result of a whole-genome duplication (polyploidization) which occurred after the split between the ancestor of A. majus (Veronicaceae) and the lineage leading to many of the other families of Lamiales including Verbenaceae, Paulowniaceae, Phrymaceae, and Orobanchaceae . Co-orthologs of both genes (FLOA and FLOB, DEFA and DEFB) are expressed and appear functional in multiple taxa from these four families, and have been maintained within multiple lineages that diverged 30-50 mya (Wickstrom et al. 2001) . Significantly, duplicates of AP3/DEF from several points along the angiosperm phylogeny are known (Theissen et al. 2000; Kramer et al. 1998 Kramer et al. , 2003 , although Lamiales represents an as yet novel case of ancient LFY/FLO paralogs (Cronk 2001) .
The purpose of the present study is to explore hypotheses regarding the evolutionary forces acting among these paralogs that may be responsible for the maintenance of duplicate copies. Here we clone additional co-orthologs of the floral regulatory genes FLO and DEF from four taxa within the Lamiales family Phrymaceae (sensu Beardsley and Olmstead 2002) to supplement our earlier work ) in order to have sufficient power for likelihoodbased statistical tests employing codon substitution models . We then test for rate heterogeneity and the role of selection in divergence among FLO and DEF paralogs following duplication in Lamiales using several different codon substitution models. Based on these results, we explore several mechanisms to explain the maintenance of the joint preservation of paralogs from multiple genes that are interacting members of the floral regulatory pathway.
Materials and Methods

Cloning Floral Regulatory Genes in Lamiales
We selected four taxa within the family Phrymaceae (Beardsley and Olmstead 2002) including Mazus reptans, Mimulus ringens, Leucocarpus perfoliatus, and Mimulus kelloggii (see Supplementary  Table S1 ) to supplement paralogs of FLO and DEF previously cloned ) from Syringa vulgaris (Oleaceae), Chelone glabra and Antirrhinum majus (Veronicaceae), Verbena officinalis (Verbenaceae), Mimulus guttatus and Mimulus lewisii (Phrymaceae), Paulownia tomentosa (Paulowniaceae), and Pedicularis groenlandica (Orobanchaceae). Source material was in horticultural propagation (M. reptans; J. Aagaard 2004-1, WTU) or was grown from seed stocks used in a previous study (M. ringens, L. perfoliatus, and M. kelloggii [Beardsley and Olmstead 2002] ). From a single plant of each species genomic DNA was prepared from leaf material using the CTAB extraction of Kelly and Willis (1998) , and total RNA prepared from flower buds across a range of developmental stages using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA). RACE Ready cDNA pools (5¢-and 3¢-cDNA) were made from floral bud total RNA (Clontech, Palo Alto, CA).
LFY/FLO-and AP3/DEF-like genes were cloned from all four species of Phrymaceae using the same protocol as in . This involved a two-step approach for LFY/FLO that (i) screened for duplicate copies based on length polymorphism in introns of genomic DNA and (ii) tested for expression of genes while also extending coding sequences using 5¢-and 3¢-RACE from floral bud cDNA pools. Briefly, we used two degenerate PCR primer sets nested within conserved exon domains spanning the first (5¢ primer, 5¢-ATGAGGGATGAGGAGCTTGATSANATGATGRA-3¢; 3¢ primer, 5¢-GCTCCGTCACGATAAANGGRTGYT-3¢) and second (5¢ primer, 5¢-CGGCAGCGGGAGCAYCCNTTYAT-3¢; 3¢ primer, 5¢-GCGTTGAAGATCGCRTCDATRTCC-3¢) introns of FLO to amplify genomic fragments, which were gel purified, cloned, and sequenced (at least four clones per genomic PCR fragment). cDNAs corresponding to all genomic fragments were cloned and sequenced using 3¢-RACE (four or more clones per 3¢-RACE PCR). For unique 3¢-RACE clones corresponding to genomic clones spanning intron 2, 5¢-RACE was used to extend sequence to the 5¢-termini of coding regions. In contrast, AP3/DEF-like homologs were cloned directly from 3¢-RACE cDNA pools. Briefly, a single degenerate primer at the 5¢ terminus of the DEF coding region (5¢-ATGGCTCGTGGGAAGATHCARAT-3¢) was used in 3¢-RACE, after which PCR products were directly cloned and sequenced (at least 12 clones sequenced per 3¢RACE PCR).
Nucleotide alignments of the newly cloned LFY/FLO-and AP3/DEF-like genes from Phrymaceae as well as Solanales and Lamiales homologs (Supplementary Table S1 ) were carried out initially based on the translated nucleotide (protein) sequence using the ClustalX algorithm implemented in BioEdit (T. Hall, North Carolina State University, Raleigh), followed by visual alignment. All gapped regions were removed and sequences analyzed under likelihood criteria implemented in PAUP (Swofford 2002) . Likelihood analyses employed the general time-reversible model with four rate categories, estimating the gamma shape parameter and the proportion of invariable sites (GTR+1+c). Heuristic search criteria included TBR branch swapping with 10 random addition replicates. Support for nodes was estimated by 100 bootstrap replicates using the search criterion above. Based on phylogenetic analyses, LFY/FLO-and AP3/DEF-like genes cloned here were assigned to the paralog A or B clades identified in .
Codon Substitution Models
Branch and Fixed-sites Models. We estimated nonsynonymous-to-synonymous substitution ratios (x) at different points during the evolution of floral genes and among gene clades using two different classes of models. Both classes of models allow for positive selection (x>1) but have low power to detect it when selection acts at a small proportion of codons because they average x among sites (Yang 2001) . First, we used the branch models of Yang (1998) . A gene phylogeny was constructed a priori based on familial (Olmstead et al. 2001 ) and species (Beardsley and Olmstead 2002) relationships, and based on and the phylogenetic analyses of newly cloned LFY/FLO-and AP3/DEFlike genes described above (Fig. 1) . The gene tree (Fig. 2) was partitioned into pro-orthologs (x 0 ) and branches immediately-orthologs following the duplication event/events (x 1 ) or paralog A and B clades (x 2 and x 3 , respectively). The same sequence alignments used in phylogenetic analyses were analyzed using branch models constrained by the a priori gene phylogeny allowing for (model R1) a single x ratio among branches and clades as well as nested models allowing two (model R2), three (model R3), or four (model R4) xÕs for different clades in the gene phylogeny. All models were implemented using PAML, version 3.14 (Yang 1997) . Likelihood ratio test (LRT) statistics were calculated as twice the difference between log-likelihoods for more complex versus a nested less complex model, and compared with a chi-squared distribution with degrees of freedom equal to the difference in the number of parameters between models (Goldman and Yang 1994) .
Second, we used the fixed-sites models of Yang and Swanson (2002) to compare xÕs directly between paralogs. For this test, only sequences from species for which both paralogs had been cloned were used. This included six taxa for the comparison between FLOA and FLOB (Verbena officinalis, Pedicularis groenlandica, Paulownia tomentosa, Leucocarpus perfoliatus, Mimulus lewisii, and Mimulus guttatus) and nine taxa for the comparison between DEFA and DEFB (Verbena officinalis, Pedicularis groenlandica, Paulownia tomentosa, M. reptans, M. ringens, Leucocarpus perfoliatus, M. kelloggii, Mimulus lewisii, and Mimulus guttatus). Sequences were aligned as previously and analyzed using fixed-sites models C and E (Yang and Swanson 2002) , which constrain both paralogs to a single x (model C) or allow for separate xÕs for paralogs (model E). LRT statistics were calculated as twice the Fig. 1 . Likelihood trees for homologs of (i) LFY/FLO and (ii) AP3/DEF cloned in this study and previously (see Supplementary  Table S1 ). Paralogy groups of LFY/FLO and AP3/DEF within the Lamiales are designated A or B and are consistent with previous phylogenetic analyses of gene duplication within Lamiales . Likelihood searches were performed under the general time reversible model with four rate categories using PAUP (Swofford 2002) . All ambiguous regions of alignments were excluded from analyses. Bootstrap support based on 100 bootstrap replicates is shown for nodes with ‡ 50% support.
difference between model E and C and compared with a chisquared distribution with two degrees of freedom.
Sites and Branch-site Models. We used two classes of codon substitution models that have increased power relative to branch or fixed-sites models (Yang 2001) to test for the action of positive selection during the evolution of floral genes. First, we applied sites models (Nielsen and Yang 1998; Yang et al. 2000; Yang and Swanson 2002) that hold x constant among all branches of the gene phylogeny while allowing x to take on multiple values among site classes. Sites models included M1a, M2a, M7, and M8. Second, we applied the modified branch-sites models of Zhang et al. (2005) . For branch-sites models, the branches immediately following the duplication events resulting in the FLOA and FLOB or DEFA and DEFB clades (x 1 ; Fig. 1 ) were specified as foreground branches, thus allowing for different xÕs both over a subset of branches in the gene phylogeny and sites. This constraint has been used previously to test for positive selection following gene duplication (Bielawski and Yang 2003 ) and reflects a model of duplicate gene evolution whereby positive selection acts initially on duplicates followed by purifying selection in ancestral lineages (Hughes 1999) . We used the modified branch-sites Model A of Zhang et al. (2005) in order to avoid problems with an elevated type 1 error rate reported for older branch-sites models (Yang and Nielsen 2002) , including a nested model with x 2 = 1 fixed (Model A null ). A likelihood test comparing Model A with Model A null constitutes test 2 of Zhang et al. (2005) . Sites and branch-sites models were implemented using PAML, version 3.14 (Yang 1997) . Because of multiple local optima in likelihood searches, sites and branch-sites models were run a minimum of three times using different initial xÕs.
We also used sites models in combination with an empirical Bayes approach along with fixed-sites and branch models to investigate how x differs among functional regions of FLO and DEF paralogs. Functional domains of MADS box genes including DEF are well characterized (e.g., Reichman and Meyerowitz 1997) including the MADS, I, K, and C-terminus regions; for analyses we treated the DNA binding domain (MADS) as distinct from other regions (I, K, and C-terminus). Functional domains of FLO are not as well characterized, but FLO is a transcription factor (Coen et al. 1990 ) and the highly conserved C-terminus region of the Arabidopsis thaliana ortholog LFY is reported to bind DNA (Gocal et al. 2001) and has been suggested to constitute the DNA binding domain (Bomblies et al. 2003) . For our analyses we treated the putative DNA binding domain as distinct from the N-terminus region of FLO. Based on ML estimates for 11 rate categories (10 constrained between 0 and 1, and 1 allowing x > 1) from sites model M8, posterior probabilities for each site (codon) were estimated using the empirical Bayes approach of Nielsen and Yang (1998) , implemented in PAML version 3.14 (Yang 1997) . Estimated xÕs are calculated as the average over site classes weighted by the posterior probability that the codon belongs to that site class. The mean of these xÕs within function domains provides a qualitative assessment of rate variation among regions. For statistical tests of variation among regions, we used fixed-sites models C and E comparing DNA binding versus all other domains. Fixed sites models were applied to all sequences (Supplementary Table S1 ) of FLO and DEF as well as limited to comparisons between paralogs (FLOA versus FLOB). In addition, branch models R1 and R2, including only the MADS DNA binding domain or only the non-MADS regions (I, K, and C), were fit to the DEF data from all sequences.
Results
LFY/FLO-and AP3/DEF-like Genes in Phrymaceae
We cloned five LFY/FLO-like and eight AP3/DEFlike genes among four taxa in the Phrymaceae (see Supplementary Table S1 ). Genomic fragments from two copies of LFY/FLO-like genes were cloned from Leucocarpus perfoliatus using the first intron primer, whereas a single copy was cloned from Mazus reptans, Mimulus ringens, and Mimulus kelloggii using first intron primers and for all four species using second intron primers. Sequence comparison of 3¢-RACE cDNAs corresponding to genomic fragments identified all second intron fragments as identical to first intron genomic fragments cloned previously. Thus, we cloned two LFY/FLO-like genes from L. perfoliatus and a single copy from each of M. reptans, M. ringens, and M. kelloggii. All five LFY/FLO-like genes appear functional based on correctly spliced cDNAs lacking missense mutations or premature stop codons. The two copies of LFY/ FLO-like genes found for L. pefoliatus are 37% divergent at silent sites, similar to the average between FLOA and FLOB co-orthologs found in other families of Lamiales (44% ). Phylogenetic analyses placed the single copies cloned from M. reptans, M. ringens, and M. kelloggii with FLOA paralogs (Fig. 1) . One copy from L. perfoliatus also clustered with FLOA paralogs, whereas the second copy clustered with FLOB paralogs. As proposed by , these analyses are consistent with ancient duplication of FLO within the Lamiales after the divergence between Veronicaceae (A. majus and C. glabra) and the lineage leading to many of the other families of Lamiales including ). The relationships among genes are based on familial (Olmstead et al. 2001 ) and species (Beardsley and Olmstead 2002) relationships and based on the study of other Lamiales homologs (Aagaard et al., submitted) and phylogenetic analyses of genes cloned here (Fig. 1) . Branches are partitioned into those for proorthologs of duplicate FLO and DEF genes (x 0 ), branches immediately following the duplication event (x 1 ), and those for A or B paralogs (x 2 and x 3 , respectively). The phylogenetic relationships depicted in these trees are used in all likelihood analyses of codon substitution models, though specific subscripts for x only correspond to those for branch and fixed-sites models (Table 1) .
Verbenaceae, Lamiaceae, Phrymaceae, Paulowniaceae, and Orobanchaceae. We propose a nomenclature for these newly cloned FLO homologs as in that reflects the precedence of Antirrhinum majus FLO (Coen et al. 1990 ) with coorthologs further delineated as FLOA and FLOB ( Fig. 1; Supplementary Table S1 ).
Our assay for AP3/DEF copy number identified two copies from each of the four taxa. Copies were on average 34% divergent at silent sites, similar to the DEFA and DEFB co-orthologs identified previously among other families of Lamiales (38% ), and all appear functional based on correctly spliced cDNAs lacking missense mutations or premature stop codons. In addition, for M. kelloggii two putative alleles having 0.4% and 0.5% of silent sites with substitutions were found for DEFA and DEFB (see below), respectively. These putative alleles were reproducible over duplicate 3¢ RACE experiments. Because of their high degree of similarity, only one from each DEF paralog was used in phylogenetic analyses and codon substitution models below. Phylogenetic analyses placed one copy from each species within the DEFA clade and the other copy within the DEFB clade (Fig. 1) . The overall topology of this tree is nearly identical to that of . Using a parametric bootstrapping approach, were unable to reject a null hypothesis placing the duplication of DEF within Lamiales at the same relative position as for FLO (after divergence of the lineage leading to Veronicaceae) consistent with simultaneous duplication of both genes, possibly as a result of an ancient whole genome duplication event within Lamiales. Accordingly, we follow the nomenclature for these newly cloned DEF homologs as in that reflects the precedence of A. majus DEF (Sommer et al. 1990) , with co-orthologs further delineated as DEFA and DEFB ( Fig. 1; Supplementary Table S1 ).
Increased xÕs Following Gene Duplication
Using two different codon substitution models, we found evidence that x is increased for one of two coorthologs of FLO following gene duplication in the Lamiales. Branch models allowing for two (R2) versus a single (R1) x for branches in the gene phylogeny (Fig. 2, Table 1 ) provided a significantly better fit to the data based on the LRT (see Supplementary Table S2). The three-ratio model (R3) did not result in a better fit than R2, though a model estimating separate xÕs for FLOA and FLOB clades (R4) did show a significantly lower log-likelihood score. Based on the four-ratio model, x for FLOB (0.098) increased approximately threefold relative to single-copy lineages (x = 0.034), or fourfold relative to FLOA (x = 0.025). This is consistent with estimates from fixed-sites models; a fixed-sites model allowing separate xÕs for FLOA and FLOB (Model E) versus a single x (Model C) resulted in a significantly higher likelihood score (Table 1) , estimating FLOA x = 0.021 versus FLOB x = 0.106.
Co-orthologs of DEF exhibit a somewhat different pattern than for FLO. Both DEFA and DEFB xÕs are increased relative to single copy lineages but do not evolve at different rates relative to each other based on branch or fixed-sites models (Table 1 ). The tworatio branch model (R2) resulted in a significantly better fit than the one-ratio model (R1), and adding additional parameters did not result in a significant decrease in log scores similar to results for fixed-sites models (Supplementary Table S2 ). Parameter estimates based on the two-ratio branch model suggest that co-orthologs of DEF (x = 0.106) are evolving approximately 50% faster than single-copy lineages (x = 0.073).
Variation in Substitution Rates Among Functional Domains of FLO and DEF
In addition to significant heterogeneity among branches of the gene phylogeny, we found evidence that xÕs differ among functional domains within genes. In order to examine how among-site variation corresponds with functional domains of genes, we used two approaches. First, an empirical Bayes approach was used (Nielsen and Yang 1998; Yang et al. 2000) to assign posterior probabilities for each site class in M8 to codons in the FLO and DEF alignments (Fig. 2) . Visual inspection of the distribution of xÕs based on this naive empirical Bayes prediction suggests that the DNA binding region of FLO (mean x = 0.05) and the MADS DNA binding region of DEF (mean x = 0.05) are evolving under stronger selective constraint than the corresponding N-terminus (mean x = 0.06) or I (mean x = 0.18), K (mean x = 0.14), and C-terminus (mean x = 0.11) regions, respectively. This qualitative prediction is confirmed based on LRTs of fixed-sites models. Model E, allowing for different xÕs in DNA-binding versus other functional domains, fit both FLO and DEF data significantly better than Model C as determined by LRTs (2DlnL = 51.86 and 69.24, respectively; p < 0.005). Based on Model E (separate xÕs for domains within a gene), the N-terminus of FLO is evolving 2.6-fold faster than the DNA binding domain (x = 0.076 and 0.029, respectively). Similarly, the K, I, and C-terminus regions combined are evolving 4.5-fold faster than the MADS DNA binding domain of DEF (x = 0.147 and 0.033, respectively).
We tested whether rate heterogeneity between a particular functional region was responsible for the observed differences in x found using branch models. For FLO we used LRTs of fixed-sites models com-paring DNA binding regions alone between FLOA and FLOB, or N-terminus regions alone between FLOA and FLOB. Model E fit the data better than model C for both the DNA binding domain (2DlnL = 29.84, p < 0.005) and the N-terminus regions (2DlnL = 22.194, p < 0.005), indicating a significant difference between FLOA and FLOB in both regions (FLOA x = 0.040 and 0.015 versus FLOB x = 0.183 and 0.068 for N-terminus and DNA binding regions, respectively). For DEF, we used a branch model with one ratio (R1) versus two ratios (R2) identical to that used previously (Fig. 1,  Table 2 ) but included only the MADS DNA binding domain in the alignment. In this case, adding an additional x category (x 1 = x 2 = x 3 ) did not result in a significant test statistic (2DlnL = 0.20), indicating that the significant increase we found previously for DEFA and DEFB relative to single-copy lineages is due to K, I, and C-terminus domains alone.
No Evidence of Positive Selection on FLO and DEF in Lamiales
We found no evidence of positive selection acting within coding regions during the evolution of FLO or DEF within Lamiales based on either sites or branchsites models. In most cases, sites models (Table 2) which allow for positive selection at a subset of sites within a molecule while holding x constant over branches did not result in a significantly better fit than the corresponding nested nonselection model based on LRTs (Table 1; Supplementary Table S3 ). In the case of FLO, although the selection model M8 did show a significantly better fit, x for the additional site class was estimated at 1.00 and constituted less than 1% of codons. Branch-site models similarly provide no evidence of positive selection acting on FLO or DEF. We specified the two branches immediately following the duplication of FLO and DEF (x 1 ) as foreground branches, and those prior to the duplication (x 0 ) as well as daughter branches (x 2 , x 3 ) as background branches (Fig. 1) . Branch-sites models ( Table 2 ) that allow positive selection only in the foreground branches (Model A) did not result in a better fit than the corresponding nested model (Model A null ). We also fitted models treating all branches within the FLOB or DEFA plus DEFB gene clades (where xÕs were increased based on branch models) as the foreground branch and, similarly, found no evidence of positive selection using these branch-sites models (data not shown).
Discussion
Pattern of Duplication for FLO and DEF
The FLO and DEF paralogs we cloned here and previously likely resulted from ancient polyploidization in Lamiales more than 50 mya . Both FLO and DEF are thought to have duplicated after the split between the lineage leading to Veronicaceae (including the single-copy model species Antirrhinum majus [Olmstead et al. 2001] ) and that leading to many other Lamiales families including Verbenaceae, Phrymaceae (sensu Beardsley and Olmstead 2002) , Paulowniaceae, and Orobanchaceae. proposed polyploidization as the source of FLO and DEF duplicates in Lamiales based on concordant gene phylogenies, proportional levels of silent substitution among FLO and DEF paralogs as well as other paralagous floral regulatory genes in Lamiales, and linkage relationships (Fishman et al. 2001) . Duplication of DEF in Lamiales complements a pattern of repeated duplications that have been main- Note. Subscripts for xÕs correspond to branches in Fig. 2 and are distinct from those used in sites and branch-sites models (Table 2) . Models having significantly lower log-likelihood scores relative to a simpler nested model (e.g., R3 vs. R2, Model E vs. Model C) are given based on a v 2 distribution (see Supplementary Table S2 ). a Significant at p £ 0.05. b Significant at p £ 0.005. tained under selection throughout the AP3/DEF gene lineage. Duplication of AP3/DEF homologs has occurred in seed plants (Theissen et al. 2000) , within angiosperms at the base of the tricolpates (Kramer et al. 1998) , and, more recently, among lineages of basal angiosperms (Stellari et al. 2004 ) and other tricolpate families such as Ranunculaceae (Kramer et al. 2003) . In sharp contrast, duplicates of FLO in Lamiales are the first angiosperm paralogs reported outside of tetraploid taxa (e.g., Zea mays [Bomblies et al. 2003 ]) or recent duplications within Brassicaceae (Baum et al. 2005) , despite surveys for copy number across angiosperms (e.g., Frohlich and Parker 2000) . Thus, FLO and DEF paralogs in Lamiales represent an as yet novel example of the joint retention of duplicates of these floral regulatory genes.
Mechanisms of Duplicate Gene Preservation
Coding Regions of FLO and DEF Show Evidence of Subfunctionalization. In order to explore hypotheses for the preservation of these duplicate interacting floral regulatory genes, including the apparently novel ancient FLO paralogs we identified, we used several different models of codon evolution to test how selection acted within coding regions following gene duplication in Lamiales. Two distinct classes of codon models are consistent in showing that positive selection within coding regions has not played a role in the maintenance of FLO or DEF paralogs. First, sites models indicate that x is significantly less than one (Fig. 3, Table 2 ), consistent with strong purifying selection acting on duplicate copies. Second, a signature of positive selection is absent from branchsites models, which have increased power to detect adaptive evolution acting during discrete intervals of a geneÔs evolutionary history (Bielawski and Yang 2003) . For the modified branch-sites Model A (Table 2), we specified the two branches immediately following the duplication of FLO or DEF (x 1 ) as foreground branches, and those prior to the duplication (x 0 ) as well as daughter branches (x 2 , x 3 ) as background branches (Fig. 2) . This reflects a model whereby duplicated genes may initially experience positive selection, followed by the return of purifying selection along later branches in the gene phylogeny (Bielawski and Yang 2003 ) which could result from (i) gene duplicates acquiring new functions distinct from the ancestral single-copy gene (neofunctionalization sensu Force et al. [1999] ) or (ii) adaptive evolution acting on subfunctionalized protein coding domains constrained to suboptimal performance in Table 2 . Parameter estimates (xÕs and proportions for site classes) and likelihood scores for sites models (M0-M8) and branch-sites models Background x 0.070 1.000 0.070 1.000 Foreground x 0.070 1.000 1.000 1.000
Subscripts for xÕs are distinct from those used in branch and fixed-sites models (Fig. 2, Table 1 ). Models having significantly lower loglikelihood scores relative to a simpler nested model (see Supplementary Table S3) are given based on a v 2 distribution. *Models allowing positive selection. a Significant at p £ 0.05. b Significant at p £ 0.005. single-copy genes carrying out multiple functions (Hughes 1999; and see below) . The absence of any evidence for positive selection in these branch-sites models or similar models specifying other portions of the gene phylogeny as foreground branches (see Results) again strongly supports continuous purifying selection within coding regions during the evolution of FLO and DEF paralogs in Lamiales.
Although we found no evidence of positive selection acting among paralogs, branch models of codon evolution show that purifying selection is relaxed within coding regions of one (FLOB) or both (DEFA/B) paralogs following duplication in Lamiales (Fig. 2, Table 1 ). Relaxed purifying selection is a common pattern following gene duplication, and often differentially affects one paralog (e.g., Conant and Wagner 2002) . For regulatory genes, relaxed purifying selection within functional domains of coding regions has been proposed to result from paralogous proteins binding a subset of interaction partners relative to the single-copy ancestral protein (e.g., Dermitzakis and Clark 2002) . Alternately, subfunctionalization might involve regulatory domains of these genes similar to the general mechanism proposed by Force et al. (1999) . In this case, the increase in x we see for protein coding regions following duplication would be an indirect result, possibly reflecting fewer binding partners within a restricted expression domain. In the case of FLOA, fixed-sites models show that selection is relaxed across the gene including the DNA binding domain ( Fig. 3A ; also see Results). In contrast, for DEFA/B purifying selection remains strong within the MADS DNA binding domain but is relaxed within the I, K, and C domains important in protein interaction and activation ( Fig. 3B ; also see Results). Taken together, results from branch and fixed-sites models are consistent with a subfunctionalization hypothesis for the maintenance of FLO and DEF paralogs in Lamiales that could involve distinctly different functional domains between the two genes.
Our results are consistent with the theory (Walsh 1995; Force et al. 1999 ) that subfunctionalization rather than adaptive evolution contributes more strongly to duplicate gene preservation. However, the relative contribution of these evolutionary mechanisms to maintenance of paralogs remains controversial. Both functional evidence and sequence divergence data for several other paralagous floral regulatory are consistent with subfunctionalization of paralogs. Functional evidence from Maize (ZAG1 and ZMM2 [Mena et al. 1998 ]) and Gerbera (GRCD1 and GRCD2 [Uimari et al. 2004]) show that recent duplicates of other MADS box genes that regulate floral development have partitioned expression domains in floral buds typical of subfunctionalization. Similarly, non-MADS box genes involved in establishing floral symmetry thought to be duplicated within the Lamiales lineage leading to Antirhinum (Veronicaceae) show (i) differences in patterns of gene expression suggestive of subfunctionalization and (ii) evidence of relaxed purifying selection within functional domains for one of two paralogs but no evidence of positive selection among paralogs (CYC and DICH [Hileman and Baum 2003] ). Ancient paralogs of MADS box genes duplicated near the base of the tricolpate lineage which regulate male and female floral organ development also show evidence of partitioned expression domains and functional roles during floral development (Causier et al. 2005) . Interestingly, in this case functional evidence from representative Rosid (A. thaliana; AG and SHP1/2) and Asterid (A. majus; PLE and FAR) model taxa shows that the regulatory role of individual paralogs has resolved differently within independently evolving lineages, lending further support to a subfunctionalization hypothesis for preservation of ancient MADS box paralogs. However, signatures of adaptive evolution are increasingly reported among coding regions of genes following duplication as statistical models improve (e.g., Bielawski and Yang 2003) and have been detected previously within noncoding regulatory sequences of several other MADS box genes derived from the most recent polyploidization event in A. thaliana (Moore and Purugganan 2005) . In addition, subfunctionalization and adaptive evolution are not mutually exclusive hypotheses. A signature of adaptive evolution can result secondarily after constraints are relaxed following subfunction- Values for codon positions of the alignments used in all codon substitution models are calculated using an empirical Bayes approach (Yang 1998; Yang and Nielsen 2000) as the mean over site classes (M8) weighted by the posterior probabilities for sites. The mean x over codons within functional domains using this naive empirical Bayes approach (x NEB ) as well as the x estimated for functional domains from fixed-sites models (x FS ) are shown.
alization (Hughes 1999) , and under this scenario adaptive mutation (a low probability event) is not prerequisite for the action of positive selection following duplication. In sum, future studies should investigate partitioning of expression domains or functional interactions as well as divergence within noncoding regulatory regions of FLO and DEF paralogs in Lamiales (see below) for further evidence supporting subfunctionalization.
Dosage is Unlikely to Maintain FLO and DEF Paralogs in Lamiales. Although dosage effects are seen among transcription factors (Birchler et al. 2001) and are thought to be particularly prominent following polyploidization (Blanc and Wolfe 2004b; Maere et al. 2005) , dosage is unlikely to play a role in the maintenance of FLO or DEF paralogs in Lamiales. Dosage can contribute to the preservation of duplicate regulatory genes in two distinct ways. First, Moore and Purugganan (2005) suggest that a signature of adaptive evolution for fully redundant paralogs of MADS box genes in A. thaliana is consistent with selective maintenance of functional redundancy to reduce the developmental error rate. Concepts of functional redundancy contributing to developmental robustness have been explored extensively elsewhere (e.g., Cooke et al. 1997) . Second, Blanc and Wolfe (2004b) and Maere et al. (2005) show duplicate genes that constitute subunits of protein complexes are retained at a higher rate than other functional classes of genes, possibly due to stoichiometric requirements or dominant negative phenotypes following loss of one copy (Veitia 2003) . AP3/DEF constitutes one subunit of a multidomain protein (Pelaz et al. 2000) and thus might be disproportionately affected by such dosage effects. However, because these hypotheses predict retention of paralogs in an undifferentiated state and we see divergence between functional domains of DEFA/B, it is unlikely that they have contributed significantly to their preservation in Lamiales. Similarly, although dosage effects are seen for transcription factors (Birchler et al. 2001) , dosage seems an unlikely explanation for LFY/FLO, which can regulate floral induction at very low levels (Coen et al. 1990; Weigel et al. 1992) , because of partial redundancy with another floral regulatory gene (SQUA/ AP1 [Zik and Irish 2003] ) and because of divergence within the DNA binding domain.
Could Transcriptional Regulatory Interactions
Contribute to Duplicate Gene Preservation in Lamiales? Paralogs arising from polyploidization experience selection along with other duplicate loci across the genome, suggesting that interactions among loci might contribute to their maintenance. Because paralogs in Lamiales appear to be the result of ancient polyploidization, an intriguing possibility for our novel finding of duplicate copies of FLO involves the interactions among genes in the floral regulatory pathway. LFY/FLO is one of the earliest expressed genes in the developing floral meristem, regulating the expression of many downstream genes including floral homeotic genes of the MADS box family of transcription factors such as AP3/DEF (reviewed in Zik and Irish 2003) as well as several genes having uncharacterized functions during floral development (William et al. 2004) . LFY/FLO is known to positively regulate the expression of AP3/DEF in both A. majus (Ingram et al. 1997 ) and A. thaliana (Weigel and Meyerowitz 1993) . In the case of A. thaliana, LFY activation of AP3 is known to involve transcriptional activation via direct binding to the AP3 promoter (Lamb et al. 2002) and transcriptional activation requires a complex of proteins (Zhao et al. 2001) , some of which are known to play a similar role in A. majus (Ingram et al. 1997 ).
The cognate relationships among genes in the floral regulatory pathway could contribute to the joint retention of paralogs of genes such as FLO or DEF via a number of mechanisms. One possibility is simple dosage effects, which are thought to be prominent among regulatory genes involved in signal transduction and transcription (Birchler et al. 2001 ). However, as described above we believe this is an unlikely explanation in our case. Alternatively, Blanc and Wolfe (2004b) proposed divergence in the timing or expression domains among pairs of paralogs could have a broad impact on duplicate gene preservation across a polyploid genome, a process they termed concerted divergence of gene expression. This is essentially a multilocus extension of subfunctionalization models. For example, sequence divergence between regulatory elements of subfunctionalized DEF paralogs driving expression in different floral tissues or at different times during development might require FLO paralogs with divergent DNA binding domains. This is an intriguing possibility given the pattern of elevated nonsynonymous substitutions within the DNA binding domain of FLOB and because one of two cis-regulatory regions of AP3 controlling early expression (Hill et al. 1998) corresponds to the LFY binding site (Lamb et al. 2002) . Moreover, this hypothesis is testable, as it predicts increased regulatory activity between pairs of duplicate genes.
With the notable exception of more recent LFY/ FLO duplicates from tetraploids (Bomblies et al. 2003; Kelly 1995; Ahearn et al. 2001) or among Brassicaceae taxa (Baum et al. 2005) , to our knowledge no other paralogs as divergent as FLOA/B in Lamiales have been described. The conspicuous lack of diversification of the LFY/FLO gene lineage broadly among angiosperms via gene duplication has led to the suggestion that evolutionary processes may disfavor the retention of LFY/FLO paralogs. Al-though negative selection on genomes harboring LFY/FLO paralogs is a possibility (Cronk 2001) , Baum et al. (2005) argue that duplicates may simply be lost by drift more frequently than other floral regulatory genes due to differences in the transcriptional role or regulatory organization of LFY/FLO, leading to a lower probability of subfunctionalization. Whether the divergence of regulatory interactions among paralogs such as DEFA/B might explain our finding of novel FLO duplicates in Lamiales is speculative at this point, and will require future studies examining both the functional interactions among pairs of paralogs and divergence within noncoding regulatory regions. Because LFY/FLO duplicates are thought to be less susceptible to preservation via standard subfunctionalization mechanisms (Baum et al. 2005) , such work may prove particularly valuable for understanding the importance of genetic interactions in the maintenance of duplicate genes following polyploidization
